AtC401 is an Arabidopsis homolog of PnC401 that is related to photoperiodic induction of flowering in Pharbitis nil. These genes show free-running rhythms. To study the free-running rhythm of AtC401, we fused a firefly luciferase reporter to the AtC401 promoter and transformed it into Arabidopsis plants. The observed bioluminescence oscillated under continuous light and continuous dark only with sucrose supplementation. The free-running period of bioluminescence was temperature-compensated between 22°C and 30°C. Light-pulse experiments under continuous darkness produced a phase-response curve typical of circadian rhythms. We conclude that rhythmic expression of AtC401 is controlled by a circadian oscillator.
The circadian clock is an endogenous oscillator with a period of about 24 h that can be synchronized to external environmental cues (Bünning 1973) . The circadian clock regulates many biochemical, physiological, and behavioral processes in organisms that exhibit circadian rhythms. In higher plants, many physiological processes, such as leaf movement, stem elongation, stomata opening, photosynthesis, and gene transcription, exhibit circadian rhythms (Harmer et al. 2000 , McClung 2001 , Schaffer et al. 2001 . In photoperiodic plant species, flowering is regulated by the absolute duration of light and dark during a cycle of approximately 24 h (Garner and Allard 1920, Vince-Prue 1975) , and the induction of flowering is thought to depend upon a biological clock (Evans 1971) . Recent studies established molecular-genetic interactions between the control of the circadian-clock function and flowering time in Arabidopsis (Somers 1999 , Simpson and Dean 2002 .
Molecular analyses of the circadian clock in animals and cyanobacteria provided the model of the oscillator as an autoregulatory transcriptional and translational negative-feedback loop (Dunlap 1999) . In Arabidopsis, mutations that affect the function of the circadian clock have been isolated by using the luciferase reporter expressions under the control of the promoters of clock-controlled genes or by identifying mutants that exhibit altered flowering time (Mouradov et al. 2002 , Eriksson and Millar 2003 , Yanovsky and Kay 2003 . Analyses of the mutations and genes affected by these mutations revealed candidate genes, including CCA1, LHY, and TOC1/APRR1, for the central oscillator of circadian rhythm in Arabidopsis.
Pharbitis nil Choisy cv. Violet, an absolute short-day plant, is ideal for the study of early events in the photoperiodic induction of flowering because young seedlings grown in continuous light can be induced to flower quantitatively by exposure to a single dark period of 16 h (Vince- Prue and Gressel 1985) . In Pharbitis, as in other plants, the regulation of processes related to photoperiodically induced flowering probably occurs in leaves through changes in gene expression. The results obtained with chemical inhibitors of gene expression and from biochemical analyses of macromolecules suggest that changes in gene expression in leaves might generate a state that leads to the induction of flowering (Vince-Prue and Gressel 1985, O'Neill 1992) . We have previously identified two genes, PnGLP and PnC401, whose transcript levels increase preferentially in the cotyledons and leaves of P. nil during floralinductive dark periods and oscillate during extended dark periods (Ono et al. 1993 , Ono et al. 1996 , Sage-Ono et al. 1998 . Moreover, treatments that inhibited the induction of flowering caused a reduction in PnC401 mRNA levels (Sage- Ono et al. 1998) . We proposed that the clock-controlled expression of these genes is related to the photoperiodic sensitivity of Pharbitis.
Previously we isolated an Arabidopsis homologue, designated AtC401 (Sage- Ono et al. 1998 , Oguchi et al. 2004 ). Curiously, it had not been found by the Arabidopsis genome project until quite recently. Isolation of the full-length cDNA of AtC401 (AGI code: AT5G21222) revealed that it encodes a serine/threonine protein kinase (SNF1)-related protein kinase and a domain very similar to PnC401 (Sage- Ono et al. 1998) . The homologous domains consist of 12 repeats of the pentatr-icopeptide repeat (PPR) (Oguchi et al. 2004 ). The PPR is a degenerate 35-amino-acid sequence, and it was predicted that the tandem PPR motifs form a superhelix structure (Small and Peeters 2000) . Though they it has been identified in a large number of plant proteins, the functions of most PPR-containing proteins are largely unknown.
The expression pattern of AtC401 mRNA showed the oscillation as expected from the results of PnC401 of Pharbitis. However, striking differences on regulation of oscillation was observed between AtC401 and PnC401. AtC401 mRNA was oscillating in continuous light conditions that were the inhibitory condition for the expression of PnC401 (Sage- Ono et al. 1998) . We inferred that the differences of expression pattern of C401 genes originates from the difference between a long-day plant Arabidopsis plant and a short-day plant Pharbitis, and have an influence on the sensitivity of day-length in photoperiodism. Recently we isolated an AtC401 promoter fragment sufficient to regulation of free-running rhythm in continuous light conditions (LL) (Oguchi et al. 2004) . In this study, we performed the chronobiological analyses of the circadian transcriptional regulation using the AtC401 promoter.
We used the homozygotic transgenic Arabidopsis plants, designated AtC401::luc, containing the firefly luciferase reporter gene (luc + ; Promega, Madison, WI, U.S.A.) under control of the 246-nt of 5′-flanking region of AtC401 gene, spanning from -173 to +73 referred to the transcriptional initiation site, as plant material (Oguchi et al. 2004) . A CAB2::luc transgenic Arabidopsis line (2CAC) was kindly provided by Dr. S.A. Kay (The Scripps Research Institute, La Jolla, CA, U.S.A.). These transgenic seedlings were grown in a well of a 96-well white plate containing 150 µl agar-medium (halfstrength Murashige-Skoog's medium containing 0.8% (w/v) agar, with or without sucrose). The transgenic seedlings were entrained for 5 d at 22°C with cycles of 12 h light/12 h dark before transferring to experimental conditions. Each seedling was provided with 50 µl of 1 mM D-luciferin (Promega) aqueous solution before the transferring. The bioluminescence was monitored using TopCount NXT system (Perkin-Elmer Biosystems, Foster City, CA, U.S.A.) or AQUA COSMOS/VIM system (Hamamatsu Photonics, Hamamatsu, Japan). When the monitoring performed in LL, light was supplied by red LED panels (100 µmol m -2 s -1 ; Tokyo Rikakikai, Tokyo, Japan). Period estimation was performed using the fast Fourier transform-nonlinear least squares method (FFT-NLLS; Plautz et al. 1997) .
The bioluminescence of AtC401::luc seedlings were oscillated with a circadian period during LL after the 5-d entrainment to 12 h light/12 h dark on the sucrose-free medium (Oguchi et al. 2004 ). However, the reporter expression of AtC401::luc seedlings cultured on sucrose-free medium rapidly dumped in DD. When we performed the reporter assay using the seedlings cultured on sucrose-containing medium, the oscillating bioluminescence was observed during DD. Sucrose not only dose-dependently increased the expression level, but also recovered the circadian oscillation of reporter expression in DD (Fig. 1) . We also examined the effect of sucrose on the CAB2 promote. Though it was reported that the bioluminescence of CAB2::luc seedlings grown on sucrose-containing medium rapidly dumped during DD (Millar et al. 1995) , the effect of sucrose supplement on CAB2 expression was essen- Fig. 1 Effect of sucrose on free-running rhythm of AtC401::luc in continuous dark (DD). Transgenic plants containing AtC401::luc were sowed on medium with 3%, 1% or no sucrose (indicated by filled circle, open circle, and cross, respectively). After 5 d of entrainment to 12 h light/12 h dark cycles at 22°C, seedlings were transferred to DD (indicates bar above the graph). Bioluminescence was counted at equal intervals using a TopCount NXT. Each plot is the mean value of the bioluminescence of 45-48 seedlings. White and black bars below the graph indicate subjective day and subjective night, respectively. tially similar but weaker than that on AtC401 expression (data not shown). We examined the effect of sucrose in LL and found that sucrose dose-dependently induced the promoter activity levels of both AtC401 and CAB, but had little effect on the waveform of the rhythms (Fig. 2) . These results suggest that sucrose or its metabolite(s) act not only as nutrition, but also as an indispensable molecule for the transcriptional regulation of the AtC401 gene in DD.
The circadian rhythm is commonly temperature-compensated (Pittendrigh 1954 , Salisbury et al. 1968 , Somers et al. 1998 . To determine whether the free-running rhythm of AtC401::luc is temperature-compensated, we examined reporter expressions under different temperature conditions. After 5 d of entrainment to a 12 h light/12 h dark cycle at 22°C, transgenic plants were transferred to DD at four different temperatures, 12°C, 16°C, 26°C, or 30°C; reporter expression was monitored for longer than 5 d. Though the 30°C condition caused some growth inhibition of seedlings, the reporter expression showed clear oscillation with a circadian period at all of the temperatures tested (Fig. 3) . The calculated temperature coefficient (the Q 10 value) over the temperature range 12-30°C was 0.97; the temperature coefficient was calculated as described by Tsuchiya et al. (2003) . These results fit with a previous report that the free-running phase of CAB2::luc expression during LL was temperature-compensated in another ecotype of Arabidopsis, C24 (Somers et al. 1998) . We suggest that the circadian clock of Arabidopsis is also insensitive to temperature during DD and that AtC401 expression is controlled by the biological clock.
It is important that the endogenous circadian rhythm entrains to environmental rhythms, such as the light/dark cycle or fluctuations in temperature (Edmunds 1988, Roenneberg and Foster 1997 ). An experiment of the free-running rhythms of AtC401 after entrainment to non-circadian photoperiods revealed that the free-running period of reporter expression was constant at about 24 h (Fig. 4) . We examined the phase responses of AtC401 expression using light pulses under DD. Beginning after one full day in DD, individual plates of seed- Fig. 3 Free-running rhythms of AtC401::luc expression in DD under different temperature conditions. After 5 d of entrainment to 12 h light/ 12 h dark cycles at 22°C, seedlings were transferred to a temperaturecontrolled dark box at 12°C, 16°C, 22°C, 26°C, or 30°C. Bioluminescence of 24-48 seedlings was counted for 20 min every 2 h, and these free-running periods were estimated using FFT-NLLS. Errors indicate 95% confidence intervals of the period estimated. Seedlings were transferred to DD after 5 d of entrainment to 12 h light/ 12 h dark cycles at 22°C. Beginning after one full day in DD, individual plates of seedlings were exposed to 10-min red light pulses at 4-h intervals for 28 h. Phase shifts were calculated as described by Covington et al. (2001) . Phase response curve of phase shifts of AtC401::luc expression (± pooled SE) elicited by light pulses plotted against the circadian times at which the light pulses were administered. Phase advances are plotted as positive values, and delays are plotted as negative values. lings were exposed to a 10-min red light pulse at 4 h intervals for 28 h. Light pulses were supplied by red LED panel (100 µmol m -2 s -1
; Tokyo Rikakikai). The period and phase of the rhythms after the light pulses were estimated using the FFT-NLLS and converted to circadian time. Phase shifts were calculated as described by Covington et al. (2001) . The phase response curve (PRC) is shown in Fig. 5 . The longest delay in the phase was observed at the middle of the subjective night; the longest advance in the phase was observed near dawn. The overall shape of this PRC was similar to that of a typical PRC and to those of PRC reported for other genes (Devlin 2002 ). The PRC indicated that the circadian expression of AtC401 was accurately reset by the light signal.
We demonstrate here that the free-running rhythm of AtC401::luc expression satisfies the criteria of circadian rhythms: persistence under constant conditions, temperature compensations of period, entrainment manner, and phaseresetting by light signals. These results indicated that AtC401 gene is chronobiologically established to an Arabidopsis circadian-controlled gene. Arabidopsis has been predicted to contain approximately 2,000 of circadian-controlled gene (Harmer et al. 2000 , Schaffer et al. 2001 . Though these genes have been shown to oscillate with circadian period at transcription level during LL, there are few genes chronobiologically established to have a circadian rhythm (Somers et al. 1998 ). In addition, our results suggest that sugar may be an essential component for the transcriptional regulation of some Arabidopsis clock-controlled genes. We are currently performing promoter analyses to determine cis-acting element(s) related to the circadian regulation of AtC401 expression; these results should reveal a novel mechanism for the transcriptional regulation of circadian clock-controlled genes in higher plants.
